Charge transport in eosin yellow sensitized CdS 1-D nanostructures is studied. Direct conduction pathway for electron transport in nanowires enhances oc in CdS nanowires compared to nanorods and nanoparticles. -characterization of nanowires results in improved efficiency of 0.184% due to fewer interparticle connections. Increase in sc is observed by coating CdS 1-D nanostructures on TiO 2 substrate which reduces rate of recombination and photocorrosive nature of CdS photoanodes. Enhancement in efficiency up to 0.501% is achieved for CdS 1-D nanostructures DSSCs on TiO 2 substrate.
Introduction
Dye sensitized solar cells (DSSCs) offer the hope of fabricating photovoltaic devices with high efficiency at low cost by simple fabricating process, as an alternative to conventional p-n junction photovoltaic device [1] . Recently, cadmium sulphide (CdS) is reported to be an active promising alternative material due to its direct band gap (2.3 eV), corresponding to the spectrum of visible light [2] . In DSSC, the dye adsorbed photoanodic film plays an important role because it serves as a pathway for photoinjected electrons. The overall cell performance strongly depends on the surface and electronic properties of photo anodes [3] . Electron transport in nanoparticles (NPs) based DSSCs occurs by a series of hopping events between trap states on neighboring particles [3, 4] , whereas in 1-D nanostructures such as nanorods (NRs), nanowires (NWs) direct conduction pathway of electron transport from the point of generation to the collection electrode maintains high surface area for dye adsorption [5] . Two-to three-fold increase in photo conversion efficiency of CdS nanowires (NWs) (0.18%) is observed than CdS nanorods (NRs) (0.08%) and CdS nanoparticles (NPs) (0.06%). Yang et al. [6] reported that 1-D nanostructure including NWs and NRs facilitates photon absorption and electron transport with improved efficiencies. Reda and El-Sherbieny [2] reported fluorescein sensitized CdS NP photoanodes with efficiency of 0.022% and concluded that the anchoring amino acid groups (basic dyes) present in the CdS surface resist the electron transfer from the excited state to the conduction band of CdS which suppressed the photoelectric conversion. The significant factor to be considered in improving overall solar cell efficiency is the separation of the generated electron-hole pairs. Although exciton generation can be enhanced by using nanoparticles and charge transport by using nanowires, efficient charge separation can be achieved by exploiting a heterojunction between two different materials [7] . A pair of materials can be chosen so that the band alignment is favorable for charge separation. Recently, solar cells made of both quantum dots and nanowires having staggered band alignment were demonstrated with CdSe quantum dot (QD) sensitized ZnO NW operated at an efficiency of 0.4% [8] . Now a days, TiO 2 NPs associated with CdS are used in electrochemical solar cells [9] . The conduction band of CdS is comparatively higher than the electron transporting TiO 2 layer, facilitating the passage of photogenerated electrons into the photoanode and impeding the back transfer of electrons to a great extent. , resp.). After 5 minutes of stirring, the resulting reaction mixture is transferred into a teflon-lined stainless autoclave (50 cm 3 capacity). The autoclave is sealed and maintained in a microwave oven at 180 ∘ C for 48 hours and then cooled to room temperature naturally. The product is collected and washed with distilled water and absolute ethanol several times and then dried in air at 50 ∘ C for 4 hours.
Preparation of CdS Photoanodes.
Thin photoanode films are fabricated using synthesized CdS 1-D nanostructures by employing doctor blade technique [11] . CdS 1-D nanostructures are ground by a mortar and pestle with addition of appropriate amount of distilled water, and acetyl acetone. After making a viscous paste, it is further diluted with distilled water and then few drops of triton X-100 are added for better adhesion of paste on conducting substrate. The paste is spread on the conducting substrate with a glass rod using an adhesive tape as spacers. After drying in air, the films are sintered for 30 min at 50 ∘ C in air. After sintering, the CdS films are immersed in 0.5 mM of EY ethanol dye solution for 24 h. To minimize the adsorption of impurities from moisture in the ambient air, the electrodes are dipped in the dye solution while they are still warm at 50 ∘ C. The dye sensitized electrodes are then rinsed with ethanol to remove excess of unanchored dye molecules on the surface.
CdS Photoanodes on TiO 2
Substrate. Commercial TiO 2 (3 g; P25, Degussa) is mixed with acetyl acetone, Triton X-100, and water. 10% PEG 20,000 (by weight) was subsequently added on the paste. TiO 2 paste is then spread on Indium doped tin oxide (ITO) coated glass substrates using doctor blade method. The film is annealed at 450 ∘ C for 30 minutes in air. The thickness of TiO 2 is about 10 m. The prepared paste of CdS 1-D nanostructures is deposited on the TiO 2 substrate and annealed at 60 ∘ C for 20 minutes. is sandwiched between photoanode and counter electrode, pressing firmly. A thin layer of parafilm is used as a spacer to avoid short circuiting between two electrodes. A binder clip is fixed externally to maintain the mechanical grip of the cell without any further sealing, which finalized the assembly of the DSSC.
Characterizations.
Crystallinity and the phase purity of the materials are determined by X-ray diffraction (XRD) recorded at room temperature using PANalytical X'Pert X-ray diffractometer with Cu-K radiation (wavelength: 1.54056 A ∘ ). The morphology, size distribution, and elemental composition of 1-D nanostructures are determined by scanning electron microscope (SEM, JEOL JSM-6390) along with energy dispersive X-ray spectroscopy (EDS, Oxford Instruments, model no. 7582) operating at an accelerating voltage of 20 kV. UV-Vis absorption measurements are carried out at room temperature by using UV-Vis absorption spectrometer (Shimadzu-2450). The performance of the DSSC is evaluated from manually recorded photocurrent-photovoltage curves, using a circuit as shown in Figure 1 with 10 kΩ potentiometer as a variable load and 15 W fluorescent lamp as light source.
Journal of Nanoscience Figure 2 shows a typical XRD pattern of the as-synthesized products. The diffraction peaks of CdS NPs, NRs, and CdS NWs can be indexed to hexagonal CdS with lattice constants = 4.141Å and = 6.718Å, in agreement with the literature data (JCPDS card no. 41-1049). The intense and sharp diffraction peaks suggest the obtained products are well crystallized. All the peaks in CdS NWs are highly intense indicating the higher crystallinity. Compared with the JCPDS card, the relative intensities of the peaks corresponding to the (100), (002), (101), (110), and (112) planes are obvious. The (100) diffraction peaks in hexagonal CdS are strong and narrow. It is noticed that the (002) diffraction peaks are extremely strong compared to standard diffraction intensity, which is probably related to the preferential c-axis growth of CdS NWs. The mean crystallite size is estimated using Scherrer's equation and is found to be 4 nm, 11 nm and 39 nm for CdS NPs, NRs, and NWs, respectively. The morphology and dimension of the products are examined by SEM. Typical SEM images of the NPs, NRs, and NWs are shown in Figures 3(a1)-3 
Results and Discussions

X-Ray Diffraction Analysis.
UV-Vis Absorption Analysis.
The absorption spectra of synthesized CdS NPs, NRs, and NWs are presented in Figure 4 . All the samples show strong UV absorption and high transparency in visible region. In our results, all the samples have a steep absorption edge, similar to the results obtained from the Tauc equation [12] . The absorption band of CdS 1-D nanostructures appears approximately at 451 nm, 475 nm and 545 nm for CdS NPs, NRs, and NWs, respectively. Band gaps in semiconductor nanomaterials are closely related to the wavelength range absorbed. The absorption band gap energy can be determined by the following equation: ( ℎ]) = (ℎ] − ), where ℎ] is the photon energy, the absorption coefficient, and a value that depends on the nature of transition (2 for direct allowed transition). The band gap ( ) is estimated as 2.75, 2.61, and 2.28 eV for CdS NPs, NRs and NWs, respectively.
Photocurrent-Voltage Characteristics.
The current density-voltage (J-V) characteristics for DSSCs constructed using CdS NPs, NRs, and NWs sensitized with EY dyes under illumination condition (41.39 mW/cm 2 ) are shown in Figure 5 . Table 1 summarizes the measured and calculated values obtained from typical J-V curve. From Figure 5 , it can be seen that the cell constructed using CdS NWs film gives a clear improvement in sc and (%) over CdS NPs and NRs based DSSC. The fill factor of the fabricated CdS based DSSCs is calculated as follows: where and are the current density and voltage, respectively, under maximum output power. According to (1), FF is calculated to be maximum of 0.42 for CdS NWs with oc of 0.80 V. It is to be noted that the increase in FF suggests that there is reduction in recombination between the photoexcited carriers in the electrodes and tri-iodide ions in electrolyte. Here, for CdS NPs and NRs, this higher recombination rate results in lower oc and FF than NWs. The power conversion efficiency of the fabricated cell is given by
where IN is the power density of the incident radiation. According to (2) , the solar-to-electric conversion efficiency is obtained as 0.184% for CdS NWs DSSC. The efficiency depends on the way in which the electron transport takes place from the dye to collecting electrode, that is, on the morphology of semiconducting photoanode materials. It can be seen that the highly ordered 1D NWs provide an ordered pathway for electron transport to the collecting anode, and this is in contrast with the NPs and NRs based DSSC because of highly disordered structure with multiple particle-particle interfaces. Similarly, the contact areas between individual NPs are stronger in NWs than NPs, since the NWs are in situ construction of NPs. The films consisting of NPs and NRs have interconnected porous structure; so during solar cell operation, the electron transport occurs through hopping event between trap states on neighboring particles. However, in an in situ constructed interconnected nanostructure like nanowires, electrons transport takes place by direct conduction pathway from the place of generation to the collector without sacrificing high surface area for dye adsorption.
Recently in 2010, Reda and El-Sherbieny [2] reported the efficiency of DSSCs as 0.02% for CdS NPs sensitized with fluorescein (FL) dye by employing liquid electrolyte, and the low efficiency was attributed to photoanodic corrosion nature of CdS NPs. Vogel et al. [13] reported that photo anodic corrosion processes of the nanoparticles mostly involve surfacetrapped holes, that is, surface bound S-radicals in case of sulfide particles. The holes in CdS 1-D nanostructures can be blocked by coating the 1-D nanostructures with thin layers of wide bandgap materials leading to drastic enhancement of photostability. This implies that holes have to merge through a thin layer of TiO 2 before they react with the electrolyte. SEM images and EDS analysis of CdS 1-D nanostructures on the TiO 2 substrate are shown in Figure 6 . For this configuration, J-V graphs are again plotted as in Figure 7 . At comparable photocurrents, the photovoltages are determined by the difference of the conduction band edge of the substrate and the redox potential of the electrolyte. The photovoltages depend on the size of the nanoparticles and the substrate. voltage ( oc = 800 mV), and fill factor = 0.42 and = 0.18% (Table 1 ). The trend is improved by the incorporation of TiO 2 substrates for EY sensitized CdS photoanodes with sc = 1210 A/cm 2 , oc = 650 mV, FF = 0.25, and = 0.501% (Table 2 ). In the case of EY sensitized TiO 2 /CdS NPs based DSSC, once the injected electrons diffuse through photoanode, its residing time at particle-particle interfaces is more, so as to search for the next easiest path; but the EY sensitized . These findings clearly show that both the particle size and the choice of the appropriate substrate materials are required for an optimal nanoheterojunction. For a more accurate concept of photovoltages and photocurrent quantum yields, the role of traps and relative band edge positions has to be considered.
Conclusions
In summary, it is possible to improve the efficiency of EY sensitized CdS 1-D nanostructures on the TiO 2 substrates. Efficiency as high as 0.501% is observed for the EY sensitized TiO 2 /CdS NW electrode in the present strategy. From the morphological point of view, CdS NWs allow easier electron transport because they have fewer interparticle connections compared to CdS NPs and CdS NRs. The higher and sc are attributed to the fast transport of electrons through NWs than NTs and NPs. The enhancement in energy conversion efficiency is based on the formation of an interfacial structure capable of inhibiting the recombination of injected electrons.
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